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Summary
Sister chromatid cohesion is resolved at anaphase onset when separase, a sitespecific protease, cleaves the Scc1 subunit of the chromosomal cohesin complex that is responsible for holding sister chromatids together. This mechanism to initiate anaphase is conserved in eukaryotes from budding yeast to man. 
Introduction
The segregation of sister chromatids to daughter cells during mitosis requires a complex series of cellular events to be faithfully performed, which has been studied in some detail in the budding yeast S. cerevisiae (1) . One of the key events is activation of a site specific protease, separase, which triggers the resolution of sister chromatid cohesion at anaphase onset. Sister chromatids are kept aligned in metaphase by a protein complex, cohesin, that counteracts the pulling force of the mitotic spindle. Cohesion is abruptly lost at anaphase onset when separase cleaves the Scc1 subunit of the cohesin complex. During meiosis Scc1 in cohesin is replaced by a related subunit, Rec8, that is cleaved by separase during the two subsequent rounds of meiotic chromosome segregation.
Premature loss of cohesion leads to chromosome missegregation, thus cohesin cleavage by separase is kept under tight cellular control (2) .
Separase is required for processes in addition to sister chromatid separation. These include anaphase spindle stabilization and the coupling of anaphase to mitotic exit during budding yeast mitosis (3) (4) (5) (6) (7) (8) , as well as the coordination of the chromosome segregation and spindle cycles during meiosis (9) . In fission yeast, separase binds to the mitotic spindle and has been implicated in spindle pole body morphology and positioning (10) (11) (12) . In nematode worms separase is required for correct centrosome positioning during the first asymmetric mitotic division (13) , as well as for formation of an intact eggshell of the one cell embryo (14) . One way in which separase could contribute to multiple 4 processes is that target proteins other than cohesin exist, and that cleavage of several proteins during mitosis co-ordinates these events. We previously demonstrated that the yeast kinetochore and spindle protein Slk19 is a substrate for separase cleavage (15) . Slk19 is cleaved concomitantly with Scc1 at the metaphase to anaphase transition, and failure to cleave Slk19 leads to defects of the anaphase spindle. Human and Drosophila separases undergo self-cleavage, contributing to the down-regulation of separase activity at the end of mitosis (16) (17) (18) . Identification of further separase cleavage targets could yield insight into how multiple events are orchestrated during mitosis. Some of the requirements for separase may also be explained through the recent discovery of a second, protease-independent, activity within separase (8) .
With the aim to aid the identification of separase cleavage targets we investigated how separase recognizes its substrates. All known budding yeast substrates (Scc1, Rec8 and Slk19) are cleaved at one or two conserved peptide motifs, about eight amino acid in length (Fig. 1A) (15, 19, 20) , and related motifs are found at separase cleavage sites in other organisms (16) (17) (18) 21, 22) . Separase always cleaves downstream of a conserved arginine residue, mutation of which to a negatively charged amino acid largely abolishes cleavage. The exact sequence requirements for recognition of the cleavage site motif have not been characterized. We therefore performed a systematic mutational analysis of the major separase cleavage site in Scc1. The experimentally derived consensus motif is less stringent than would have been predicted based on sequence conservation, and it can be found in at least 1100 proteins within the yeast 5 proteome. We show that determinants in addition to the cleavage site are likely to contribute to substrate recognition by separase.
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Experimental procedures
Scc1 cleavage site mutagenesis. The SCC1 gene including its native promoter was cloned into YIplac128 (23), fused to a triple HA-epitope at the C-terminus. epitope tag. These strains were arrested in metaphase and synchronously released into anaphase using GAL1 promoter controlled CDC20 as described (19) . Protein extracts were prepared at 10 min time intervals and the migration of candidate proteins analyzed by Western blotting against the HA epitope tag.
Analysis of the separase -Scc1 interaction. Recombinant Scc1 was purified from insect cells infected with a baculovirus expressing an Scc1-HA6-flag-Intein-chitin binding domain construct as described previously (6) . Overexpression in budding yeast cells of separase, fused to a flag epitope and chitin binding domain, and its purification on chitin beads was as described (6, 26) . Separase purified on beads was incubated with 6 µM of the separase inhibitor Bio-SVEQGR-amk (6) for 10 minutes at 25°C to saturate inhibitor binding to separase. Beads were then 8 incubated with 500 ng Scc1 for ten minutes at 25°C. After washing, bound proteins were eluted in SDS-PAGE loading buffer and analyzed by Western blotting.
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Results
Analysis of a separase cleavage site motif by site-directed mutagenesis -There are five known separase cleavage sites in budding yeast proteins, two in Scc1, two in Rec8, and one in Slk19, that all are characterized by a conserved amino acid motif (Fig. 1A) . A systematic analysis of the significance of this motif for cleavage by separase has not been performed to date. We therefore constructed a series of cleavage site motif mutant Scc1 proteins to assess the contribution of each amino acid in this motif to cleavage by separase. Of the two cleavage sites in Scc1, the second more C-terminally located site is cleaved more efficiently, and we used this site for our analysis (Fig. 1B) . The task to express and purify We engineered two restriction sites in the coding sequence flanking the Cterminal cleavage site to facilitate mutagenesis. This introduced a conservative point mutation (N262Q) upstream of the cleavage site motif. We analyzed this mutation, as well as two other amino acid changes at this position (N262L and N262H), and found that they had no noticeable effect on cleavage (Fig. 1C) . The N262Q change is therefore contained in all further mutant proteins. We constructed 30 mutations in the separase cleavage site motif, corresponding to 29 single amino acid changes and an insertion of one amino acid (Fig. 1C ). We then compared the effect that each mutation had on the relative abundance of the two C-terminal Scc1 cleavage fragments.
Result of the cleavage site analysis -We use the convention P1, P2, … P6 to indicate amino acid positions upstream of the cleavage site, the numeral indicating the distance from the cleavage site. P1' is the amino acid following the cleavage site. The P6 position is occupied by an invariant serine in all known budding yeast separase cleavage sites (Fig. 1A) . The serines at the Scc1 cleavage sites are subject to mitotic phosphorylation by Polo-like kinase, which is thought to positively regulate cleavage (27) . It came therefore to our surprise that substitution not only by negatively charged aspartate or glutamate, but also by hydrophobic leucine or phenylalanine was well tolerated and only led to a minute accumulation of the longer cleavage fragment, indicative of less efficient cleavage at the mutant cleavage site (Fig. 1C) . Even an arginine, of opposite charge to phosphoserine, had only a small effect. When compared side by side, phenylalanine and arginine appeared somewhat less favored at P6 as compared to other amino acids. Therefore large hydrophobic or positively charged amino acids at P6 may not be optimal for recognition of this site by separase.
P5 is a small hydrophobic residue in most of the known cleavage sites, although a histidine is found at one site in Rec8. Introduction of a large hydrophobic phenylalanine or tyrosine at this position did not affect cleavage. Larger amino acids, proline, threonine, phenylalanine and leucine caused an increasing impediment to cleavage. It is unclear why the very large phenylalanine was tolerated somewhat better than medium-sized leucine. In any event, a small amino acid at P2 seems important for efficient cleavage.
The P1 residue is crucial for substrate recognition by many proteases. It is an arginine in all known separase cleavage sites, not only in budding yeast but in all organisms so far studied. Mutation of this arginine to aspartate or glutamate has been used to efficiently block cleavage of both Scc1 and Slk19, although residual slow cleavage occurred when similar mutations were introduced into Rec8 (15, 19, 20) . When we placed an uncharged glutamine at P1 of the Scc1 cleavage site cleavage was blocked almost as effectively as by aspartate.
Mutation of the arginine to likewise positively charged lysine resulted in 13 accumulation of the longer Scc1 cleavage product, although some cleavage still occurred at the mutant site. This suggests a positive charge at P1 is essential, and that arginine in particular is an important determinant for substrate recognition by separase.
The P1' position is arginine or lysine in the Scc1 and Rec8 cleavage sites, and serine in Slk19. The amino acid at P1' will form the new N-terminus of the Cterminal cleavage product and will according to the N-end rule determine its stability (28) . Both arginine and lysine render the Scc1 and Rec8 fragments very short-lived, while serine ensures stability of the Slk19 cleavage product (15, 20, 29) . Mutation of P1' to large or small hydrophobic phenylalanine or leucine, to negatively charged glutamate, or to polar glutamine did all not influence the efficiency of cleavage. This is consistent with the idea that the P1' residue in separase cleavage sites does not contribute to recognition by separase but helps to determine the stability of the respective cleavage products (29) .
Lastly, we analyzed whether the spacing of critical amino acids within the cleavage site motif is important. We inserted a glycine between P4 and P3, which increased the distance between the important hydrophobic/negative amino acid pair at P5/P4 and the arginine at P1. This led to a strong impediment of cleavage, indicating that the distance between P4 and P3 cannot be changed without losing efficient cleavage site recognition by separase.
14 A separase cleavage site consensus -The above analysis revealed a strict requirement at P4 for a negatively charged amino acid and at P1 for arginine, forming a core [DE]XXR motif at separase cleavage sites. The residues at P6, P5
and P2 also influenced cleavage efficiency albeit to a lesser extent. We studied the effect of amino acids with representative characteristics at these positions, from which we extrapolated to derive a consensus motif for optimal recognition by separase. Phenylalanine and arginine, a positively charged and a large hydrophobic amino acid, were least tolerated at P6, therefore we excluded these . We decided to screen a small number of these proteins for electrophoretic mobility shifts during mitosis that would be consistent with cleavage by separase at the respective predicted sites. We selected proteins containing the consensus motif that either have a known role during mitosis or are of so far unknown function. Of the latter we selected only ones that show cell cycle regulated mRNA expression, a feature that might be expected from proteins irreversibly modified during mitosis.
Because not all separase targets might strictly adhere to the optimal cleavage site consensus, we also included several proteins that only contained the core
[DE]XXR motif, but that were particularly good candidates because of their known roles in processes thought to be regulated by separase. At least one
[DE]XXR motif is found in over 80% of predicted yeast proteins. The candidates studied included microtubule or kinetochore associated proteins, topoisomerases, as well as regulators of chromosome condensation and mitotic exit. We analyzed a total of 63 proteins (Table 1) , that we visualized by Western blotting after HA epitope tagging. Cultures containing the epitope tagged proteins were arrested in metaphase by depleting the APC activator protein Cdc20 under control of the galactose regulated GAL1 promoter. Reinduction of Cdc20 induced synchronous anaphase followed by cytokinesis and entry into the next cell cycle (Fig. 2) .
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We could not confirm appearance of anaphase specific cleavage fragments for any of the proteins tested. This suggests they may not be targets for separase and cleavage site motifs may be present in these proteins by chance, maybe at a location in the three dimensional protein structure that is inaccessible to separase. One caveat to this conclusion is that only a small fraction of some proteins may be cleaved by separase, making detection of a potentially unstable cleavage product difficult. This is the case for example with cleavage of Scc1 in organisms other than budding yeast (21, 30) . Although we carefully examined our Western blots for the appearance of cleavage fragments, we cannot entirely rule out this possibility.
Other forms of mitotic regulation of candidate proteins -47 out of the 63 proteins studied exhibited no detectable change in their abundance or electrophoretic mobility during mitosis ( Table 1) . Examples of such proteins are shown in Figure   2A . 16 Seven proteins noticeably decreased in abundance during mitotic progression (Table 1 and Fig. 2C ). This might be caused by ubiquitin-mediated destruction catalyzed by the APC, as has been shown in the case of Ase1, Kip1, and Spo12 (35) (36) (37) . No report on targeted destruction of Cik1, Kip2, Vik1, or the product of the uncharacterized ORF YBL009w has so far been available.
Cleavage site independent interaction of separase with Scc1 -To better understand how separase recognizes its cleavage substrates, we investigated whether the cleavage site motif is the only determinant that mediates interaction with separase. We made use of a specific peptide inhibitor of separase (Bio-SVEQGR-amk) that is modeled on the C-terminal Scc1 cleavage site motif fused to a reactive acyloxymethylketone (amk) (6) . While separase recognizes the cleavage site peptide, the amk covalently binds to and inhibits the separase active site cysteine residue. We asked whether separase in which the cleavage peptide recognition pocket was occupied with Bio-SVEQGR-amk was still able to interact with Scc1. cleavage was detectable after the incubation, which further confirmed that all wild type separase was bound and inhibited by the peptide. We also added Scc1 to wild type separase that had not been treated with the peptide inhibitor. As expected Scc1 was cleaved in this reaction, but now the C-terminal cleavage fragment interacted with separase. Since this fragment does not contain a cleavage site motif, this provides further evidence that contacts between separase and Scc1 exist that lie outside the cleavage site motif.
Discussion
We We have also provided evidence that separase interacts with its substrate Scc1 at places outside the cleavage site motif. When separase was bound by a cleavage site derived peptide inhibitor it was still able to interact with Scc1.
Furthermore the C-terminal Scc1 fragment after separase cleavage, that no longer contains a cleavage site motif, still interacted with separase. This suggests that separase interacts with Scc1 via contacts in addition to the cleavage site peptide. We do not know how important the contribution of such an interaction is to substrate recognition by separase. Given that the separase substrate interaction appeared almost undiminished after separase was bound by the peptide inhibitor, the interaction might be significant. It will be of interest to define the regions within both separase and Scc1 that are responsible for this interaction in more detail. A similar interaction might exist between separase and its other substrates, and knowledge of a substrate interaction motif different to the cleavage site consensus could be of further help in identifying separase
substrates. An initial attempt to search for related sequences among the known separase substrates could so far only identify the known cleavage site consensus motif. It is notable that the three known separase substrates in budding yeast all show a low isoelectric point (pI < 5) and therefore carry a net negative charge under physiological conditions. All three proteins are in addition phosphoproteins and phosphorylation has been shown to enhance cleavage of 22 both Scc1 and Slk19 (6, 15, 27) . How protein phosphorylation contributes to substrate recognition and cleavage remains to be determined.
In summary, these studies provide a basis to rationalize substrate recognition by budding yeast separase. Future studies will aim to uncover additional determinants of this interaction, and how they may be regulated by the cellular separase inhibitor securin and other levels of control. Eventually this may HA epitope tagged to facilitate detection. Extracts were prepared at 10 minute intervals from cultures undergoing synchronous metaphase to anaphase transition after release from a metaphase block using GAL1 promoter-regulated CDC20 (19 Fig. 2A -C). 
